The purpose of this study was to determine the effects and mechanisms of sCD40L on endothelial dysfunction in both human coronary artery endothelial cells (HCAECs) and porcine coronary artery rings. HCAECs treated with sCD40L showed significant reductions of endothelial nitric oxide synthase (eNOS) mRNA and protein levels, eNOS mRNA stability, eNOS enzyme activity, and cellular NO levels, whereas superoxide anion (O 2 ؊ ) production was significantly increased. sCD40L enhanced eNOS mRNA 3UTR binding to cytoplasmic molecules and induced a unique expression pattern of 95 microRNAs. sCD40L significantly decreased mitochondrial membrane potential, and catalase and SOD activities, whereas it increased NADPH oxidase (NOX) activity. sCD40L increased phosphorylation of MAPKs p38 and ERK1/2 as well as IB␣ and enhanced NF-B nuclear translocation. In porcine coronary arteries, sCD40L significantly decreased endothelium-dependent vasorelaxation and eNOS mRNA levels, whereas it increased O 2 ؊ levels. Antioxidant seleno-L-methionine; chemical inhibitors of p38, ERK1/2, and mitochondrial complex II; as well as dominant negative mutant forms of IB␣ and NOX4 effectively blocked sCD40L-induced eNOS down-regulation in HCAECs. Thus, sCD40L reduces eNOS levels, whereas it increases oxidative stress through the unique molecular mechanisms involving eNOS mRNA stability, 3UTR-binding molecules, microRNAs, mitochondrial function, ROS-related enzymes, p38, ERK1/2, and NF-B signal pathways in endothelial cells. (Blood.
Introduction
Endothelial cells play a crucial role in regulating vascular tone, inflammatory response, permeability, and coagulation. Many risk factors including dyslipidemia, hypertension, and diabetes are associated with endothelial dysfunction, which likely explains why they promote atherogenesis. 1 Endothelial dysfunction has largely been assessed as alterations of endothelium-dependent vasorelaxation and gene expression. Endothelium-derived nitric oxide (NO), synthesized by the endothelial nitric oxide synthase (eNOS), is a major mediator of endothelium-dependent vasorelaxation, and it is also critically involved in the regulation of other protective properties of the healthy endothelium. 1 Recently, increasing evidence supports a central role of the interaction between CD40 ligand (CD40L) and CD40 (its membrane receptor) in the pathogenesis of atherosclerosis. 2, 3 CD40L is a trimeric transmembrane protein, which is a member of the tumor necrosis factor family. 4 CD40L can be found in plasma as a soluble protein, 3 which is often elevated in patients with a variety of chronic inflammatory and autoimmune conditions as well as acute coronary syndromes. 5, 6 Thus, elevated plasma levels of soluble CD40L (sCD40L) are considered as a new independent cardiovascular risk factor.
Several studies have demonstrated that CD40L affects endothelial functions. CD40L-CD40 interaction could trigger the production of several proinflammatory cytokines and chemokines, [7] [8] [9] and the expression of matrix metalloproteinase, tissue factor, and vascular endothelial growth factor, whereas it decreases thrombomodulin in endothelial cells. [10] [11] [12] In addition, sCD40L is able to inhibit endothelial cell migration, 13 activate platelet aggregation, 14 and enhance monocyte tissue factor expression and thrombin generation 15 through a mechanism related to the overproduction of reactive oxygen species (ROS). Inhibition of CD40 signaling can effectively reduce atherosclerosis in mice. 16 Although previous studies have linked CD40L-CD40 interaction resulting in alternations of gene expression in the vascular system, little is known about whether the sCD40L could affect the expression of eNOS and endothelium-dependent vasorelaxation in coronary arteries. The objective of this study was to determine the effect of sCD40L on eNOS levels and endothelium-dependent vasorelaxation as well as the underlying mechanisms including oxidative stress, MAPK activation, and transcription factor NF-B involvement. This study may provide new insights into the mechanisms of sCD40L interacting with endothelial cells that may contribute to the vascular lesion formation.
Methods
HCAECs were cultured in endothelial growth medium-2 (EGM-2) with or without sCD40L in both monomer and trimer forms. eNOS mRNA and protein levels were determined by real-time polymerase chain reaction (PCR) and Western blot analysis, respectively. PCR primers are shown in Table S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). The eNOS mRNA stability was studied with actinomycin D treatment and real-time PCR analysis. Cell proliferation was assessed by a commercial MTS kit (Promega, Madison, WI). Vasomotor reactivity of porcine coronary artery rings was studied with a myograph device. Endothelium-dependent vasorelaxation of porcine coronary artery rings was studied with vasodilator bradykinin. MicroRNA (miRNA) profiling was performed with a commercial 95-miRNA assay kit (SBI Systems Biosciences, Mountain View, CA) and real-time PCR analysis. eNOS mRNA 3ЈUTR-binding molecules were studied with gel shift assay. Recombinant adenoviruses expressing human Cu/Zn SOD (Ad-SOD), human catalase (Ad-CAT), a dominant negative mutant form of human NADPH oxidase NOX4 (Ad-NOX4 DN), the Escherichia coli ␤-galactosidase gene (Ad-LacZ), a dominant negative mutant form of human IB␣ (Ad-IB DN), and green florescence protein (Ad-GFP) were included in analyses. Superoxide anion (O 2 Ϫ ) levels were studied with dihydroethidium (DHE) staining and flow cytometric analysis for HCAECs as well as the lucigenin-enhanced chemiluminescence method for porcine coronary artery rings. Cellular NO levels and eNOS enzyme activity were studied. Mitochondrial membrane potential was determined with JC-1 staining and flow cytometric analysis. ATP levels were measured with a commercial ATPLite kit (PerkinElmer, Waltham, MA). Activities of NADPH oxidase, CAT, and SOD were determined. Activation of MAPKs and IB␣ was determined by Bio-Plex luminex immunoassay (Bio-Rad, Hercules, CA). Chemical inhibitors for p38, ERK1/2, and mitochondrial complex II were included. NF-B nuclear translocation was studied by Western blot. The CD40L and CD40 immunoreactivity in human atherosclerotic tissues was studied by immunohistochemical staining. Data were reported as mean plus or minus SEM. Mann-Whitney U test and Student t test were used to analyze nonparametric and parametric data, respectively. Detailed materials and methods are available in Document S1.
Results

sCD40L decreases the level and activity of eNOS in HCAECs
HCAECs were treated with sCD40L in a concentration-and time-dependent manner. eNOS mRNA and protein levels were detected using real-time PCR (n ϭ 3) and Western blot (n ϭ 3), respectively. When cells were treated with sCD40L (1 or 5 g/mL) for 24 hours, eNOS mRNA levels were decreased by 22% and 61%, respectively, compared with controls (P Ͻ .01, t test; Figure 1A ). Heat-inactivated (HI)-sCD40L showed no effect on eNOS mRNA levels ( Figure 1A ). When cells were cultured with sCD40L (5 g/mL) for different times, 12-, 24-, and 48-hour treatment groups showed significant reductions of eNOS mRNA levels (P Ͻ .05 or P Ͻ .01, t test; Figure 1B ). Anti-CD40L antibody or isotype IgG was used to determine the specificity of sCD40L. When cells were treated with anti-CD40L antibody (5 g/mL), the sCD40L-induced eNOS decrease was significantly blocked (P Ͻ .01, t test; Figure 1C ). To investigate the role of sCD40L receptor CD40 on endothelial cells, anti-CD40 antibody was used and also effectively blocked sCD40L-induced eNOS down-regulation in HCAECs (P Ͻ .05 or P Ͻ .01, t test; Figure 1D ). To determine whether sCD40L-induced decrease of eNOS mRNA levels could be due to increased mRNA degradation, actinomycin D, a direct inhibitor of RNA polymerase II, was used to treat HCACEs for different times in the presence or absence sCD40L, and eNOS mRNA levels were determined by real-time PCR. Control HCAECs had a half-life of eNOS mRNA around 12 hours, whereas sCD40L-treated cells had a half-life of eNOS mRNA less than 3 hours (P Ͻ .05, U test; Figure 1E ).
Since TNF-␣ could reduce eNOS mRNA stability through potential mechanisms of unknown cytoplasmic proteins binding to eNOS mRNA 3ЈUTR sequences, [17] [18] [19] we performed a similar experiment with some modifications. Biotin-labeled human eNOS mRNA 3ЈUTR probe was incubated with cytoplasmic extracts of HCAECs treated with or without sCD40L for 24 hours. Gel shift assay demonstrated that there was an enhanced molecular binding to the eNOS mRNA 3ЈUTR in sCD40L-treated cells compared with control cells ( Figure 1F ). This binding activity was specific because excess unlabeled RNA probe completely blocked biotin-labeled RNA probe. Furthermore, we performed a 95-miRNA profiling experiment in HCAECs treated with sCD40L or TNF-␣ for 24 hours. sCD40L treatment induced a specific expression pattern of 95 miRNAs, which was also similar to that in TNF-␣-treated cells ( Figure S1 ; Table S2 ). For example, we found sCD40L and TNF-␣ could increase miR-221 levels by 38% and 47%, respectively, whereas they decreased miR-222 levels by about 10%. miR-221 and miR-222 may have functions to regulate eNOS levels. 20 However, we performed predictive algorithm analyses (Sanger miRBase Targets 21 and TargetScan 22 ) and found that miR-221/222 might be not able to bind to the eNOS mRNA 3ЈUTR. Furthermore, we used Sanger miRBase Targets predictive algorithm and found that 5 miRNAs (miR-125a, miR-214, miR-155, miR-185, and miR-150) are potential molecules to be able to bind to eNOS mRNA 3ЈUTR. Expression levels of these 5 miRNAs were changed in response to sCD40L and TNF-␣ treatments in HCAECs. sCD40L and TNF-␣ increased the expression of miR-125a, miR-214, and miR-155, whereas they decreased the levels of miR-185 and miR-150 (Table 1) . Thus, sCD40L and TNF-␣ may share similar mechanisms to down-regulate eNOS mRNA in human endothelial cells. These effects of sCD40L were not related to cytotoxicity because the treatment of sCD40L (5 g/mL) did not affect cell proliferation for up to 4 days compared with untreated cells ( Figure S2 ).
The eNOS protein levels were determined by Western blot analysis. HCAECs treated with sCD40L (5 g/mL) for 24 hours showed a significant decrease in eNOS protein levels compared with untreated controls (P Ͻ .05, U test; Figure 2A ). The eNOS enzyme activity was studied using an eNOS detection kit (n ϭ 3). sCD40L (5 g/mL) significantly decreased eNOS enzyme activity by 34% compared with controls (P Ͻ .05, U test; Figure 2B ). Diaminofluoroescein-FM diacetate (DAF-FM DA) staining is a unique method to measure NO levels in living cells or solutions. 23 HCAECs treated with sCD40L (5 g/mL) had a substantial decrease of cellular NO levels by 77% compared with untreated controls ( Figure 2C ).
Since sCD40L trimer is the major physiological form of sCD40L in human plasma, 24 we obtained commercially available recombinant sCD40L trimer form from R&D Systems (Minneapolis, MN). We performed additional experiments and confirmed that both sCD40L trimer and monomer forms at the same concentration (5 g/mL) substantially reduced eNOS expression at both mRNA (P Ͻ .01, t test; Figure 2D ) and protein (P Ͻ .05, U test; Figure 2E ) levels.
sCD40L decreases eNOS levels and endothelium-dependent vasorelaxation in porcine coronary arteries
Porcine coronary artery rings were cultured with sCD40L (5 g/mL) for 24 hours. The eNOS mRNA levels were determined by real-time PCR analysis (n ϭ 3). The eNOS mRNA levels were significantly reduced by 49% in the sCD40L-treated group compared with controls (P Ͻ .05, t test; Figure 3A ). The endothelial function was also studied using a well-characterized myograph system (n ϭ 8). No significant difference was observed in all experimental groups in response to thromboxane A2 analog U46619 (contraction) or sodium nitroprusside (endotheliumindependent vasorelaxation) compared with controls ( Figure S3 ).
However, in response to a series of concentrations of bradykinin, the endothelium-dependent vasorelaxation was significantly decreased in the sCD40L-treated vessel rings compared with control vessels. For example, sCD40L (5 g/mL) significantly reduced HCAECs were pretreated with different concentrations of anti-CD40L antibody or anti-CD40 antibody for 30 minutes and followed with sCD40L treatment for 24 hours. The eNOS mRNA levels were determined by real-time PCR. Isotype IgG was used for a negative control. (E) eNOS mRNA stability. HCAECs were treated with actinomycin D (2.5 g/mL) in the presence or absence of sCD40L (5 g/mL) for different time points, and eNOS mRNA levels were determined by real-time PCR. (F) eNOS mRNA 3ЈUTR-binding molecules. Biotin-labeled human eNOS mRNA 3ЈUTR probe was incubated with cytoplasmic extracts of HCAECs treated with or without sCD40L for 24 hours. The binding reaction was electrophoresed on a native polyacrylamide gel. For the competition experiment, excess unlabeled RNA probe was preincubated with cytoplasmic protein prior to the addition of biotin-labeled RNA probe. *P Ͻ .05 and **P Ͻ .01, compared with the control. #P Ͻ .05 and ##P Ͻ .01, compared with sCD40L treatment. n ϭ 3. Data are means and SE of multiple experiments (n). For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From vasorelaxation by 23% in response to bradykinin at 10 Ϫ6 M concentration (P Ͻ .05, U test; Figure 3B ).
sCD40L increases O 2
؊ production in HCAECs and porcine coronary arteries
To study whether ROSs could play a role in sCD40L-induced endothelial dysfunction and eNOS down-regulation, O 2 Ϫ production in HCAECs was measured using a fluorescence dye DHE staining and flow cytometry analysis. When HCAECs were cultured with sCD40L (5 g/mL) for 24 hours, the O 2 Ϫ production was substantially increased by 76% compared with controls (P Ͻ .05, t test; Figure 4A ). Similarly, lucigenin-enhanced chemiluminescence assay showed that the O 2 Ϫ production was significantly increased by 31% in sCD40L-treated porcine coronary artery rings compared with control vessels (P Ͻ .05, t test; Figure 4B ).
sCD40L decreases mitochondrial membrane potential (⌬m) and ATP production in HCAECs
Mitochondria are known to be one of the major sources of ROSs during the mitochondrial respiration and ATP production, and ⌬m can serve as an indicator for the function of mitochondrial respiration chain. 25 HCAECs were cultured with or without sCD40L (5 g/mL) for 24 hours. sCD40L treatment substantially reduced ⌬m by 58% compared with controls (P Ͻ .05, U test, Figure 4C ,D). When cocultured with antioxidant SeMet, the ⌬m was reversed to control levels. In addition, sCD40L (5 g/mL) treatment significantly reduced ATP levels Effect of sCD40L trimer on eNOS mRNA and (E) protein levels. HCAECs were treated with sCD40L monomer form or sCD40L trimer form for 24 hours, and eNOS mRNA and protein levels were determined by real-time PCR analysis and Western blot, respectively. *P Ͻ .05 and **P Ͻ .01, compared with the control. n ϭ 3. Data are means and SE of multiple experiments (n).
by 28% (P Ͻ .05, t test, Figure 4E ), whereas antioxidant SeMet effectively blocked sCD40L-induced inhibition in ATP production. SeMet treatment did not affect cell numbers and viability for up to 4 days ( Figure S2 ). In addition, to study the functional link between mitochondrial function and sCD40L action, we determined the effect of mitochondrial complex II inhibitor TTFA on sCD40L-induced eNOS down-regulation. Indeed, HCAECs treated with sCD40L in the presence of TTFA for 24 hours showed a near complete blocking effect of TTFA on sCD40L-induced eNOS down-regulation at the protein level (P Ͻ .01, U test, Figure 4F ).
sCD40L increases NOX activity, whereas it decreases CAT and SOD activities in HCAECs
In addition to mitochondrial dysfunction, ROSs can be generated from other enzymatic sources such as increased levels and/or activities of NADPH oxidase (NOX) 26 as well as decreased levels and/or activities of internal antioxidant enzymes including superoxide dismutase (SOD) and catalase (CAT). 26, 27 In the current study, we determined NOX activity by chemiluminescence assay (n ϭ 3). HCAECs were treated with sCD40L (5 g/mL) and/or SeMet (20 M) for 24 hours. With the presence of ␤-NADPH, the NOX activity in sCD40L-treated cells showed a 53% increase compared with controls (P Ͻ .05, t test, Figure  5A ). O 2 Ϫ scavenger Tiron or flavoprotein inhibitor DPI coculture abolished this sCD40L-induced increase of NOX activity, suggesting the specificity of the assay system for NOX activity. Antioxidant SeMet coculture also significantly blocked this sCD40L-induced change to the control levels (P Ͻ .05, t test, Figure 5A ).
The enzyme activities of CAT and SOD were studied with the commercial assay kits (n ϭ 3 for each). sCD40L (5 g/mL) treatment significantly reduced CAT activities by 28% (P Ͻ .05, t test, Figure 5B ). Similarly, SOD activities were also reduced by 36% (P Ͻ .05, t test, Figure 5C ). Coculture with SeMet (20 M) effectively blocked sCD40L-induced decrease of activities of both enzymes ( Figure 5B,C) . Thus, sCD40L increases O 2 Ϫ production through the dysfunction of mitochondria, increase of NADPH oxidase activity, and decrease of internal antioxidant enzyme activities. SeMet has been used as a potent antioxidant in our previous studies. 28 It effectively blocked sCD40L-induced decrease in eNOS mRNA levels in HCAECs compared with those of sCD40L-treated cells without SeMet (P Ͻ .01, t test, Figure 5D ). SeMet alone showed no effect on eNOS mRNA levels.
sCD40L induces the activation of MAPK p38 and ERK1/2 in HCAECs
Phosphorylation of MAPKs was investigated with a Bio-Plex luminex immunoassay. p38 and ERK2 phosphorylation showed an early peak at 20 minutes after sCD40L (5 g/mL) treatment in HCACEs (P Ͻ .001, U test, Figure 6A ). JNK did not show any significant changes in all time points (data not known). To confirm the role of p38 and ERK1/2 activation in sCD40L-induced endothelial dysfunction, specific p38 inhibitor (SB239036, 1 M) or ERK1/2 inhibitor (PD98059, 40 M) was used to pretreat HCAECs for 30 minutes before cells were cultured with sCD40L (5 g/mL) for 24 hours. After culture, the eNOS mRNA levels were determined by real-time PCR analysis. SB239036 or PD98059 effectively blocked sCD40L-induced eNOS mRNA decrease (P Ͻ .05 or P Ͻ .01, t test, Figure 6B ). SB239036 or PD98059 alone did not show any effect on eNOS mRNA levels. In addition, effects of SB239036 and PD98059 on eNOS protein levels were determined by Western blot. As shown in Figure 6C ,D, SB239036 (1, 5, and 10 M) and PD98059 (10, 30, and 50 M) concentrationdependently blocked sCD40L-induced decrease in eNOS protein levels. Effects of MAPK inhibitors and mitochondrial complex II inhibitor TTFA on sCD40L-induced oxidative stress were also determined with DHE staining and flow cytometry analysis. SB239036, PD98059, and TTFA effectively blocked sCD40L-induced increase in O 2 Ϫ production ( Figure 6E ). To further confirm the functional role of oxidative stress in sCD40L-induced eNOS down-regulation, we used a genetic approach by infecting HCAECs with several recombinant adenoviruses delivering a dominant negative mutant (Ad-NOX4 DN) form of NOX4 gene and a wild-type form of CAT and SOD gene (Ad-CAT and Ad-SOD). Ad-LacZ was included as a negative control. HCAECs were infected with these adenoviruses for 48 hours, and were treated with sCD40L for 24 hours. The overexpression of these genes delivered by recombinant adenoviruses was confirmed by real-time PCR analysis ( Figure S4 ). Ad-NOX4 DN substantially blocked sCD40L-induced decrease in eNOS protein levels, and Ad-CAT or Ad-SOD showed a partial blocking effect ( Figure 6F ). These effects were specific because Ad-LacZ did not change eNOS protein levels. Thus, both mitochondrial dysfunction and NADPH oxidase activation are prominent for sCD40L's effects on eNOS levels.
sCD40L effects are involved in the activation of transcription factor NF-B in HCAECs
Transcription factor NF-B activation is mediated by phosphorylation of IB␣, an inhibitor of NF-B, and nuclear translocation of Porcine coronary artery rings were treated with sCD40L (5 g/mL) for 24 hours, and porcine eNOS mRNA levels were determined by real-time PCR. *P Ͻ .05 compared with the control. t test. n ϭ 4. (B) Endothelium-dependent vasorelaxation. Porcine coronary artery rings were treated with sCD40L for 24 hours. Vasomotor reactivity was analyzed with a myograph device. The vessel ring was initially contracted with thromboxane A2 analog U46619, and then a relaxation concentration-response curve was generated by 4 cumulative additions of the endothelium-dependent vasodilator bradykinin. *P Ͻ .05 compared with the control. U test. n ϭ 8. Data are means and SE of multiple experiments (n). 29 In the present study, we observed an early peak of IB␣ phosphorylation at 10 minutes and a second peak at 60 minutes after sCD40L treatment ( Figure 7A ). Nuclear translocation of NF-B p65 was substantially increased in response to sCD40L treatment at 10 and 45 minutes (P Ͻ .01, U test, Figure  7B ). Recombinant adenovirus expressing a dominant negative mutant form of IB␣ (Ad-IB DN) was used to infect HCAECs, which were no longer responsible for sCD40L increasing NF-B p65 nuclear translocation ( Figure 7B ). To confirm the functional role of NF-B activation, HCAECs were infected with Ad-IB DN and treated with sCD40L; and eNOS mRNA and protein levels were studied. As shown in Figure 7C ,D, Ad-IB DN infection effectively blocked sCD40L-induced eNOS down-regulation at both mRNA and protein levels. These effects were specific Figure 4 . Effects of sCD40L on O2 ؊ production in HCAECs and porcine coronary arteries. (A) DHE staining in HCAECs. Cells were treated with sCD40L for 24 hours, and intracellular O2 Ϫ levels were determined by DHE staining and flow cytometric analysis. U test. n ϭ 3. (B) Porcine coronary artery rings. The vessel rings were treated with sCD40L for 24 hours and O2 Ϫ levels in the endothelial layer of porcine coronary arteries were tested with lucigenin-enhanced chemiluminescence assay. *P Ͻ .05 compared with the control. t test. n ϭ 6. (C) Mitochondrial membrane potential (representative histograms of flow cytometric analysis). HCAECs were treated with sCD40L for 24 hours, and mitochondrial membrane potential was determined by JC-1 staining and flow cytometric analysis. (D) Quantitative data of JC-1 staining showed a significant decrease in mitochondrial membrane potential after sCD40L treatment. Antioxidant SeMet effectively reversed these changes. U test. n ϭ 3. (E) ATP content. HCAECs were treated with sCD40L for 24 hours, and ATP production was determined by a commercial ATPLite kit. Antioxidant SeMet was included. t test. n ϭ 3. (F) Effect of mitochondrial complex II inhibitor TTFA on eNOS protein levels. HCAECs were treated with sCD40L in the presence or absence of mitochondrial complex II inhibitor TTFA (10 M) for 24 hours, and eNOS protein levels were determined by Western blot analysis. *P Ͻ .05 and **P Ͻ .01, compared with the control. #P Ͻ .05 compared with sCD40L treatment. U test. n ϭ 3. Data are means and SE of multiple experiments (n).
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because Ad-GFP infection had no effect on eNOS levels. Thus, NF-B activity induced by sCD40L is responsible for the decreased eNOS levels.
Expression of human CD40L and CD40 is increased in human atherosclerotic vessels
We performed immunostaining to detect the expression of CD40L and CD40 in human aortic tissues. Nonatherosclerotic aortic tissues showed no or a very limited immunoreactivity of CD40L and CD40. By contrast, atherosclerotic regions of these vessels showed a strong CD40L and CD40 immunoreactivity. The increased signal of CD40L and CD40 was located mainly in the intima and media areas of atherosclerotic plaques ( Figure S5 ). These results were observed in 3 atherosclerosis cases and 2 nonatherosclerosis cases.
Discussion
The present study demonstrates that recombinant human sCD40L induces endothelial dysfunction in both HCAECs and porcine coronary artery rings. Specifically, sCD40L significantly reduces eNOS mRNA and protein levels, eNOS enzyme activity, and NO bioavailability in HCAECs. In addition, sCD40L significantly increases production of O 2 Ϫ and activation of ERK1/2, p38, and NF-B in HCAECs. sCD40L also significantly decreased endothelium-dependent vasorelaxation in porcine coronary artery rings. This study provides several novel discoveries of the biologic functions and related mechanisms of sCD40L in the vascular system.
Homology of CD40L and CD40 amino acid sequences between human and porcine was analyzed from reported genes in the GenBank 30 (Table S3) . Human CD40L shares 86% protein sequence homology with porcine CD40L. Human CD40 variant 1 or variant 2 shares 79% or 82% protein sequence homology with porcine CD40. Wienhold et al reported that the deduced amino acid sequence of the porcine CD40L shared 82%, 88%, and 93% similarity with the CD40L protein of mouse, human, and cattle. 31 Furthermore, experimental evidence shows human CD40L can interact with porcine CD40 on porcine endothelial cells and induce biologic changes including gene expression. 32 Thus, we also studied effects of human sCD40L on porcine coronary arteries.
The endothelium plays a crucial role in the control of vascular tone by releasing endothelium-derived vessel-relaxing factors including mainly NO generated by eNOS. 33 However, under various pathological conditions, eNOS expression is decreased or becomes dysfunctional. 34 These changes of eNOS not only impair endothelium-dependent vasorelaxation but also accelerate the atherosclerotic lesion formation. 35 In the present study, we demonstrated a direct effect of sCD40L on eNOS levels in cultured HCAECs and porcine coronary artery endothelial cells. Using real-time PCR analysis, we showed that sCD40L in both monomer and trimer forms can decrease eNOS mRNA levels. Western blot analysis also confirmed that eNOS protein levels were decreased after sCD40L treatment. These effects are the result of the specific For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From interaction between sCD40L and CD40 on endothelial cells because anti-CD40L or anti-CD40 antibody effectively blocked sCD40L-induced eNOS down-regulation. We have confirmed that one of mechanisms of sCD40L-induced eNOS down-regulation is the decrease of eNOS mRNA stability in sCD40L-treated human endothelial cells. Interestingly, sCD40L treatment substantially enhances eNOS mRNA 3ЈUTR sequence binding to cytoplasmic molecules in HCAECs. This observation was similar to that in TNF-␣-treated endothelial cells. [17] [18] [19] Properties of these binding molecules are unknown. Since miRNA can regulate protein translation from mRNA and mRNA degradation, we performed a 95-miRNA profiling experiment in HCAECs treated with sCD40L or TNF-␣ for 24 hours. All 95 miRNAs are selected based on their potential roles in cell regulations. sCD40L and TNF-␣ induced a similar expression pattern of 95 miRNAs, indicating sCD40L and TNF-␣ may share similar mechanisms to down-regulate eNOS mRNA in human endothelial cells. A recent study demonstrated that the knockdown of Dicer increased eNOS expression, whereas transfection of miR-221 and miR-222 mimics partially restored the elevated eNOS protein levels. 20 In our study, we found sCD40L and TNF-␣ could increase miR-221 levels by 38% and 47%, respectively; whereas they decreased miR-222 levels by about 10%. HCAECs were treated with sCD40L in the presence or absence of p38 inhibitor (SB239036) or ERK1/2 inhibitor (PD98059) for 24 hours, and eNOS mRNA levels were determined by real-time PCR analysis. t test. (C) Effect of p38 inhibitor (SB239036) on eNOS protein levels. HCAECs were treated with sCD40L in the presence or absence of different concentrations of p38 inhibitor (SB239036) for 24 hours, and eNOS protein levels were determined by Western blot. (D) Effect of ERK1/2 inhibitor (PD98059) on eNOS protein levels. HCAECs were treated with sCD40L in the presence or absence of different concentrations of ERK1/2 inhibitor (PD98059) for 24 hours, and eNOS protein levels were determined by Western blot. (E) Effects of sCD40L, MAPK inhibitors, and mitochondrial complex II inhibitor TTFA on O2 Ϫ production (DHE staining). HCAECs were treated with sCD40L monomer form or sCD40L trimer form in the presence or absence of MAPK inhibitors (p38 and ERK2) or TTFA for 24 hours. O2 Ϫ production was determined by DHE staining and flow cytometric analysis. (F) Effects of recombinant adenovirus-based gene delivery on eNOS protein levels. HCAECs were infected with different recombinant adenoviruses for 48 hours, and followed by sCD40L treatment for 24 hours. Ad-LacZ was included as a negative control. eNOS mRNA levels were determined by Western blot analysis. **P Ͻ .01 compared with the control. #P Ͻ .05 compared with sCD40L treatment. n ϭ 3. Data are means and SE of multiple experiments (n).
These data indicate that miR-221 or miR-222 may be involved in the regulation of eNOS levels. However, using different predictive algorithms (Sanger miRBase Targets and TargetScan), miR-221/222 might be not able to bind to eNOS mRNA 3ЈUTR. We used Sanger miRBase Targets predictive algorithm and found that 5 miRNAs in our profiling list may have a potential binding capability to eNOS mRNA 3ЈUTR (miR-125a, miR-214, miR-155, miR-185, and miR-150). In response to sCD40L and TNF-␣ treatment, the expression of miR-125a, miR-214, and miR-155 was increased, whereas the level of miR-185 and miR-150 was decreased. However, whether these miRNAs regulate eNOS mRNA translation and degradation is not known.
Our previous study demonstrates that sCD40L can increase the expression of its receptor CD40 on HCAECs through which sCD40L could enhance its biologic functions in the vascular system. 36 Cellular NO levels in sCD40L-treated HCAECs showed a 77% decrease, and the eNOS enzyme activity was also decreased. In addition, sCD40L significantly reduced endothelium-dependent vasorelaxation, suggesting a decrease in NO bioavailability. There has only been one study showing the relationship between NO and sCD40L in platelet activation. 37 Acute inhibition of NO production increased platelet surface expression of sCD40L. There are no previous reports showing CD40L could regulate eNOS expression. Our novel data obtained from endothelial cells directly demonstrate the causal relationship between sCD40L and eNOS/NO levels. sCD40L directly inhibits the NO bioavailability by reducing the eNOS levels and/or activity in endothelial cells. Since sCD40L trimer is the major physiological form of sCD40L in human plasma, 24 we obtained commercially available recombinant sCD40L trimer from R&D Systems. This recombinant sCD40L has a predicted molecular mass of 16 911 Da. SDS-polyacrylamide gel electrophoresis (PAGE) analysis showed a single band at approximately 17 kDa under both reducing and nonreducing conditions. Upon size exclusion chromatography, the recombinant sCD40L eluted with an apparent molecular mass of 45 kDa, suggesting that the protein is a noncovalent linked homotrimer. We performed additional experiments and confirmed that both sCD40L trimer and monomer forms at the same concentration (5 g/mL) substantially reduced eNOS mRNA and protein levels. Since sCD40L levels are increased in the progression of atherosclerosis and other inflammation conditions, 2-6 our new discoveries provide a better understanding of the functional roles of sCD40L in these clinical disorders.
Atherosclerosis is a multifactorial disease for which the molecular etiology of many related risk factors is still not fully understood. 38 Among them, ROSs have been shown to be the key mediators for vascular inflammation and atherogenesis. 26, 39 In the current study, we demonstrate that sCD40L in both monomer and trimer forms induces a significant increase of O 2 Ϫ in HCAECs. Similar change is also found in sCD40L-treated porcine coronary rings. These data demonstrate that sCD40L has strong impact on O 2 Ϫ production, which could be one of the mechanisms for For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From sCD40L-induced eNOS dysfunction. In fact, O 2 Ϫ could deplete NO to form peroxynitrite (ONOO Ϫ ), resulting in NO being unavailable for vasorelaxation and other biologic functions. 40 We further investigated the cause of ROS overproduction. ROSs can be produced by a variety of sources including mitochondrial respiration chain, 25 NADPH oxidase (NOX), 41 xanthine oxidase, and lipoxygenases. 42 Accumulating evidence has suggested a predominant role of NOX in generating ROSs in endothelial cells. 43 On the other hand, several cellular mechanisms have been shown to counterbalance the production of ROSs, including enzymatic and nonenzymatic pathways. 44 Among them, the best-characterized enzymatic pathways are SOD, CAT, and GPX. To study potential sources of increased O 2 Ϫ in sCD40L-treated cells, we detected a significant decrease in both mitochondrial membrane potential and ATP production in sCD40L-treated cells. To confirm the functional role of mitochondrial dysfunction in sCD40L treatment, we treated HCAECs with mitochondrial complex II inhibitor TTFA and showed an effective blocking effect of TTFA on sCD40L-induced increase in O 2 Ϫ production and decrease in eNOS levels. In addition, we tested activities of NOX, CAT, and SOD in HCAECs. Our data show that sCD40L substantially increases NOX activity, whereas it decreases CAT and SOD activities. The impact of these ROS enzymes on sCD40L-induced eNOS levels was determined by recombinant adenovirus-based gene delivery experiments. A dominant negative mutant form of NOX4 (Ad-NOX4 DN) effectively blocked sCD40L-induced decrease in eNOS protein levels. Increase expression of CAT and SOD through adenovirus infection (Ad-SOD and Ad-CAT) also effectively blocked sCD40L-induced decrease in eNOS protein levels. Taken together, these data indicate that increased O 2 Ϫ production in sCD40L-treated cells may result from mitochondrial dysfunction and the unbalance of cellular redox enzymes. Recently, Chakrabarti et al showed that sCD40L significantly enhanced ROS generation in platelets as measured by DCFHDA oxidation and confocal microscopy, and NADPH inhibitor (apocynin) was able to inhibit sCD40L-induced ROS generation. 14 Since O 2 Ϫ was overproduced in sCD40L-treated endothelial cells, we then tested the blocking effect of antioxidant SeMet on sCD40L-induced decrease of eNOS levels. Indeed, SeMet effectively blocked sCD40L-induced eNOS down-regulation. SeMet is a relatively nontoxic compound and is especially interesting in terms of its antioxidant properties. It is the major component of dietary selenium, and undergoes an intramolecular transsulfuration reaction to form selenocysteine. 45 Recently, we have demonstrated that SeMet can effectively block lysophosphatidylcholine-induced oxidative stress and endothelial dysfunction in porcine coronary arteries. 46 Chakrabarti et al showed that sCD40L induced release of CD40L and MCP1 in human umbilical vein endothelial cells (HUVECs) by a redox-sensitive mechanism because ROS scavenger N-acetylcysteine effectively blocked this effect of sCD40L. 9 These findings suggest a possible role of antioxidants in treating vascular diseases related to risk factors such as sCD40L.
To connect sCD40L-induced overexpression of O 2 Ϫ with downregulation of eNOS in sCD40L-treated HCACEs, we investigated oxidation-sensitive signal transduction pathways such as MAPKs and transcription factors such as NF-B. There is increasing evidence that MAPKs are involved in various cardiovascular disorders such as cardiac hypertrophy or atherosclerosis. 47 Three major subfamilies of structurally related MAPKs have been identified in mammalian cells, which are termed p44/42 MAPK (extracellular-signal regulated kinase 1/2 [ERK1/2]), p38 MAPK, and Jun N-terminal kinase (JNK). p38 and ERK pathways have been linked to sCD40L-mediated mature dendritic cell survival. 47 In the present study, we demonstrate that p38 and ERK2 are activated in response to sCD40L stimulation in human endothelial cells, and p38 inhibitor SB239063 and ERK1/2 inhibitor PD98059 effectively block sCD40L-induced eNOS down-regulation at both mRNA and protein levels. These new data are consistent with our previous report that sCD40L-induced up-regulation of CD40 in HCAECs is mediated by enhanced O 2 Ϫ production and ERK1/2 activation. 36 However, a recent study showed that sCD40L was also able to activate JNK in HUVECs. This result is different from our current data that sCD40L did not activate JNK in HCAECs. The possible reasons for this difference may include different cell types and culture conditions. For example, we did not treat HCAECs with serum starvation, whereas HUVECs were treated with serum starvation before incubation with sCD40L. 9 NF-B is a crucial transcription factor that regulates many genes. Prior to cytokine stimulation, NF-B is restricted to the cytosol as an inactive complex with its inhibitors such as IB␣. Upon activation by cytokines, IB␣ is phosphorylated, dissociates from the NF-B, and is subsequently ubiquitinated and degraded. This allows active NF-B to enter the nucleus and bind to B consensus regulatory elements in the promoters of many responsive genes. Consequently, NF-B could increase or decrease the expression of certain specific genes via direct or indirect mechanisms. In the present study, IB␣ phosphorylation levels are significantly increased 20 minutes after treatment, which suggests the activation of NF-B in sCD40L-treated HCAECs. Indeed, we showed that nuclear translocation of NF-B p65 was substantially increased in response to sCD40L treatment at 10 and 45 minutes. When we blocked IB␣ function in HCAECs by infection of recombinant adenovirus expressing a dominant negative mutant form of IB␣ (Ad-IB DN), HCAECs were no longer responsible for sCD40L increasing NF-B p65 nuclear translocation and decreasing eNOS levels. These data are consistent with previous report that sCD40 activates NF-B activation in HUVECs. 9 Therefore, NF-B may play an important role in the interaction between sCD40L and endothelial cells.
Although we showed that sCD40L treatment increased O 2 Ϫ production in both HCAECs (DHE staining) and porcine coronary artery rings (lucigenin-enhanced chemiluminescence), we did not perform any experiment using SOD or other antioxidants to block O 2 Ϫ production. Instead, we clearly demonstrated that overexpression of SOD through adenovirus gene delivery and antioxidant SeMet effectively blocked sCD40L-induced eNOS downregulation in HCAECs. In addition, a dominant negative mutant form of NOX4, CAT overexpression, and mitochondrial complex II inhibitor TTFA effectively blocked sCD40L-induced decrease in eNOS levels. These data indicate that sCD40L indeed induces O 2 Ϫ production. However, it cannot be excluded that other types of ROSs may be involved in the effect of sCD40L. DHE staining and lucigenin-enhanced chemiluminescence may not exclusively detect O 2 Ϫ levels. Although different clinical studies reported different serum or plasma levels of sCD40L due to different measurement procedures and conditions, human sCD40L levels usually range from picogram per milliliter to nanogram per milliliter in both healthy individuals and patients with cardiovascular diseases. 6, [47] [48] [49] [50] In the current study, we have used a much higher concentration (1 or 5 g/mL) for in vitro experiments than those in human serum or plasma levels. The major reason for this choice is considering that similar concentrations of sCD40L are used in the previous discoveries of sCD40L functions and underlying mechanisms from in vitro experiments in endothelial cells. 12, 13, 15, 51 Thus, the data generated from the current study are comparable with those in the previous publications. In addition, local concentrations of CD40L at the vascular lesion site may be much higher than those in patients' serum or plasma. Our immunohistologic staining showed that immunoreactivity of CD40L and CD40 was substantially increased in atherosclerotic plaque regions compared with that in nonatherosclerotic tissues. These data are consistent with previous reports. 52, 53 In summary, our study demonstrates that sCD40L significantly decreases eNOS expression and NO production through unique molecular mechanisms ( Figure S6 ). sCD40L specifically interacts with its membrane receptor CD40 on endothelial cells and increases O 2 Ϫ production through reduction of mitochondrial membrane potential, activation of NADPH oxidase, and inhibition of CAT and SOD activities. Dysfunctional mitochondria are also demonstrated by reduction of ATP production. O 2 Ϫ could trigger activation of p38 and ERK1/2, which may lead to the phosphorylation of IB␣ and transcriptional factor NF-B activation. O 2 Ϫ may be able to directly activate the IB␣ and NF-B system. O 2 Ϫ and activation of p38, ERK1/2, and NF-B could decrease eNOS mRNA stability and/or eNOS transcriptional activity, resulting in decrease in eNOS levels and NO bioavailability. O 2 Ϫ could directly interact with NO and reduce NO bioavailability, which causes endothelial dysfunction. Atherosclerotic tissues showed increased immunoreactivity of CD40L and CD40, indicating that the high local concentrations of CD40L and CD40 may have strong impact on endothelial dysfunction at the regions of vascular lesions. Antioxidant SeMet may have potential clinical applications in blocking sCD40L-induced endothelial dysfunction, thereby preventing vascular disease.
